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ABSTRACT: A chemical sensor for methyl viologen (MV>"), based on a water-soluble conjugated polymer/single-walled carbon-
nanotube (SWNT)
groups (mPPE-SO5) was synthesized via a Pd-catalyzed Sonogashira coupling reaction and used to prepare a highly stable mPPE-

composite, was fabricated. Water-soluble poly(m-phenylene ethynylene) with sulfonic acid side-chain

SO;/SWNT composite with strong 7—7n interactions in water. The relationship between the optical properties and sensing capability
of the mPPE-SO3/SWNT composite in aqueous solution was investigated. The addition of MV>* enhanced the fluorescence intensity
of the mPPE-SO3/SWNT composite by inducing a conformational change of the polymer from a helical to a random-coil structure.
The water-soluble mPPE-SO3/SWNT composite enabled highly sensitive fluorescence detection of MV>*" in aqueous solutions with
no precipitation resulting from reaggregation of the SWNTs. This mPPE-SO;/SWNT composite sensor system is therefore an effective

turn-on chemical sensor for MV>". © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43301.
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INTRODUCTION

Conjugated polymers with high fluorescence and electroconduc-
tive properties are photo- and electro-luminescent, and fluores-
cence sensor materials."”> The properties of conjugated polymers
can be controlled by varying their main- and side-chain struc-
tures.”™ In particular, poly(phenylene ethynylene) (PPE) have
been widely studied because of their potential applications and
their optical and electronic properties; para-, meta-, and ortho-
linked PPE (pPPE, mPPE, and oPPE, respectively) have been
reported.”™* The intermolecular 7—7 interactions in these PPEs
can be controlled via the introduction of side chains, and con-
trol of these interactions in PPEs results in changes in their
optical and electronic properties, and conformations.”'? Control
of the mn—7 interactions in mPPE with amphiphilic or water-
soluble side chains has been reported to induce a dynamic con-
formational change between random-coil and helical conforma-
tions.”'™'> Moore et al. reported the induction of a random-
coil to helical conformational change in meta-linked oligo(phe-
nylene ethynylene) by varying the solvent.'® Biopolymers with
helical conformation such as proteins and DNAs have catalytic,
separation, and recognition properties.'”° Thus, the synthesis
of helical polymers is a topic of considerable interest because of
their unique properties. Huang et al. reported highly sensitive
chemical sensing of DNA by helical mPPE.'> PPEs with water-

soluble side chains have been used as chemical sensors for the
detection of biological and organic molecules, metal ions, and
gases through changes in the fluorescence properties of the
PPE.>®**2 Chemical sensors based on PPEs can also be used
for the visual detection of target molecules via variations in the
fluorescence properties between fluorescence on and off states.”®
Highly sensitive and selective chemical sensors based on water-
soluble mPPE are currently under development.

Single-walled carbon nanotubes (SWNTs) have been extensively
investigated, because of their unusual optical and electrical
properties.”>** SWNTs are expected to be used in constructing
future nanodevices for their properties such as ultra-lightweight,
high mechanical strength, and a high elastic modulus.?>~**
However, the strong m—n interactions between SWNTs lead to
the formation of insoluble bundle structures, and the poor solu-
bility of the aggregated bundled SWNTs has limited their practi-
cal applications. Consequently, numerous studies have recently
focused on improving the solubility of SWNTs.>® Noncovalent
functionalization of the sidewalls of SWNTs via n—7 or van der
Waals interactions with organic molecules affects the chemical
and physical properties of SWNTs. Noncovalent functionaliza-
tion can be achieved in either hydrophilic or hydrophobic
adsorption dispersion media.’’”* Noncovalent functionaliza-
tions of SWNTs using biopolymers, surfactants, small aromatic
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molecules, and n-conjugated oligomers, and polymers have
been investigated.”*®

The functionalization of SWNTs via noncovalent wrapping
using m-conjugated polymers with numerous n-electrons is a
particularly interesting approach. SWNTs and conjugated poly-
mer composites have been used in light-emitting diodes, solar
cells, and chemical sensors.”®™*' We previously reported the fab-
rication of a water-soluble pPPE/SWNT composite by noncova-
lent functionalization in water, and investigation of the
anisotropic electronic conductivity of a pPPE/SWNT composite
film.** Chemical sensors based on SWNT/polymer composites
are effective for detection of target molecules by adsorption on
and desorption from SWNTS, with concomitant changes in the
fluorescence properties of the polymer.*’ Therefore, we also
investigated high fluorescence water-soluble mPPEs as a dispers-
ant for SWNTs in water for sensing methyl viologen (MV?").
MV?" serves as an electron acceptor in photochemical and elec-
trochemical reactions; therefore, MV>" is an important mole-
cule with potential applications in artificial photosynthesis and
fuel cells. However, the use of MV?" has attracted considerable
attention because of its high toxicity and association with Par-
kinson’s disease. Highly sensitive chemical sensors for MV*"
detection are therefore needed. Water-soluble mPPEs with sul-
fonic side chains were synthesized and used to stabilize and
modify SWNTs through n—7 interactions between the mPPE
backbone and SWNT sidewalls in water. Photoinduced energy
transfer from conjugated polymers to SWNTs in conjugated
polymer/SWNT composites has been reported to result in effec-
tive quenching of the fluorescence emissions of the conjugated
polymers.**** A helical mPPE/SWNT composite chemical sen-
sor would therefore be in the fluorescence off-state, until the
target molecule is adsorbed. Subsequent detection of the target
molecules shows the strong fluorescence because of energy
transfer from mPPE to target molecules. The recovery of fluo-
rescence emission would result in the fluorescence on-state. To
our knowledge, although turn-off chemical sensors based on
water-soluble PPEs have been widely investigated,™® turn-on
chemical sensors based on water-soluble PPE/SWNT composites
without SWNT precipitation, have not been reported. Here, we
report a novel fluorescence turn-on type chemical sensor based
on mPPE/SWNT composite for MV>" detection without SWNT
precipitation. The mPPE/SWNT composites without SWNT
precipitation by the addition of MV>" can be expected to opto-
electronic materials for the novel three-component nano-com-
posite materials with each property of conjugated polymers,
SWNTs, and MV>".

EXPERIMENTAL

General

All reagents and solvents were purchased from Wako Pure
Chemical Industries (Osaka, Japan), Tokyo Kasei (Tokyo,
Japan), or Aldrich (Sigma—Aldrich, Saint-Louis, MO), and were
of analytical grade. All solvents were distilled before use. SWNTs
(SuperPureTubes™) were purchased from Nanolntegris (Menlo
Park, CA). Ultrapure water (>18.2 MQ cm™ '), obtained using a
Milli-Q system (Merck Millipore, Darmstadt, Germany), was
used for all the experiments. Column chromatography was
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performed using a Wakogel C-200 column. Analytical thin-layer
chromatography was performed using 0.25 mm silica gel 60F-
coated aluminum plates (Merck Millipore, Darmstadt, Ger-
many) and a UV254 fluorescent indicator.

NMR spectra were recorded using a Bruker AVANCE 300 FT
NMR spectrometer (Bruker Corporation, Billerica, MA), oper-
ated at 300.13 MHz for 'H spectra and at 100.61 MHz for ">C
spectra; DMSO-ds was used as the solvent. Chemical shifts are
reported relative to tetramethylsilane as the internal standard.
FT-IR spectra were obtained using a JASCO FT/IR-4200 spec-
trometer (JASCO, Hachioji, Japan). UV-vis spectra were
recorded using a Shimadzu UV-1700 spectrometer (Shimadzu,
Tokyo, Japan). Fluorescence spectra were obtained using a
JASCO FP-6200ST spectrophotometer (JASCO). Raman spectra
were obtained using an Olympus IX71 microscope (Olympus,
Tokyo, Japan) equipped with a Princeton Instruments Spec-
traPro 2300 spectrophotometer (Princeton Instruments, Tren-
ton, NJ); the spectra were recorded at an excitation wavelength
of 514 nm. All optical measurements were performed at room
temperature unless otherwise stated.

Water-soluble mPPE-SO;

Water-soluble mPPE-SO; was synthesized via a Pd-catalyzed
Sonogashira coupling reaction.”>*® Diiodo-substituted benzenes
with sulfonic acid side chains (0.10 g, 1.54 X 10~* mol), m-
diethynylbenzene (19.4 mg, 1.54 X 10~ * mol), Cul (0.87 mg,
4.61 X 10~° mol), and Pd(PPhs), (5.3 mg, 4.61 X 10~° mol)
were combined in distilled DMF (4 mL), distilled water (2 mL),
and diisopropylamine (4 mL) under N,. The reaction mixture
was heated at 100°C for 12 h. The reaction mixture was then
precipitated into mixture of diethyl ether (100 mL), acetone
(80 mL), and methanol (20 mL), and the raw product was rep-
recipitated from diethyl ether, acetone, and methanol three
times. The resulted precipitate was collected and dried at 40°C
overnight to afford a light-yellow solid in 60% yield. Degree of
sulfonation is 1.1.*” Water solubility is 2.3 mg mL~'. 'H NMR
(DMSO-dy): 6 =7.61 (br, 2H, Ph), 7.29 (s, 2H, Ph), 7.18 (s,
2H, Ph), 4.10 (br, 4H, —OCH,—), 2.64 (br, 4H, —CH,—), 2.02
(br, 4H, —CH,—). ’C NMR (DMSO-dy): &=155.4, 138.7,
131.5, 131.0, 129.5, 121.3, 118.6, 96.0, 88.1, 67.1, 46.9, 25.0,
19.1. FT-IR (KBr): 2926, 1598, 1396, 1160 cm L.

Water-soluble mPPE-SO3;/SWNT Composite

mPPE-SO; (1.0 mg) and SWNTs (1.0 mg) were added in water
(10 mL), and the mixture was sonicated for 12 h at room tem-
perature. The mixed solution was then centrifuged at 4000 rpm
(1250 X g) for 30 min. After centrifugation, the suspension was
filtered through a 200 nm membrane filter and washed with
excess water until the filtrate was colorless. The residue was col-
lected and resuspended in distilled water (10 mL) via sonication
for 3 h at room temperature. The mPPE-SO3/SWNT composite
solution was used for spectroscopic analyses and molecular rec-
ognition. The degree of functionalization is 16%.** TEM image
of mPPE-SO5/SWNT composite is shown in Supporting Infor-
mation Figure S1. '"H NMR (DMSO-dq): § = 7.60 (br, 2H, Ph),
7.18 (br, 4H, Ph), 4.06 (br, 4H, —OCH,—), 2.50 (br, 4H,
—CH,—), 2.09 (br, 4H, —CH,—). Raman shift: 1592, 1385,
175 cm ™', FT-IR (KBr): 2928, 1594, 1392, 1155 cm ™.
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Scheme 1. Chemical Structure of Water-Soluble mPPE-SOs;. (a) Cul,
Pd(PPh;),, DMF, water, 'Pr,NH, 100°C, 12 h.

RESULTS AND DISCUSSION

Preparation of mPPE-SO;/SWNT Composite

The chemical structure of mPPE-SO;3 with ionic side chains is
shown in Scheme 1. Water-soluble mPPE-SO; was synthesized
according to the reported method.*>*® The synthesized mPPE-
SO; had good solubility in both methanol and water. The
formation of water-soluble conjugated polymer and SWNT
composites via noncovalent functionalization was investigated in
a previous study, in which water-soluble pPPEs with sulfonic
side chains was synthesized and the formation of composites
between water-soluble pPPEs and SWNTs in water via n—7
interactions was investigated.*? Chen et al. reported that pPPEs
formed composites with SWNTs via n—7 interactions in CHCl,
and that pPPE/SWNT composite films had good electronic
conductivity and mechanical strength.*’ Therefore, various con-
jugated polymer/SWNT composites were formed stable disper-
sions in various solvents. SWNTs have also been dispersed in
aqueous solutions using water-soluble conjugated polymers. The
PPE backbone structure was selected for composite formation
with SWNTs because it is known to have strong n—7n interac-
tions, and ionic side chains were introduced to enhance the
water solubility. A water-soluble mPPE-SO;/SWNT composite
was prepared via bath sonication, followed by centrifugation
and filtration. Raman spectroscopic analysis of the dried mPPE-
SO;3/SWNT composite showed a band attributed to the radial
breathing mode at 175 cm ™', a strong graphite band (G-band)
at 1592 cm ', and a weak disorder band (D-band) at
1385 cm™ ' (Supporting Information Figure S2). The ratio of
the intensities of the G- and D-bands in the Raman spectrum
of the mPPE-SO3/SWNT composite was <0.15. The D-band is
associated with defects and curvature in the CNT lattice.”>" A
low D/G-band intensity ratio indicates lack of chemical and
physical damage to the SWNTs and a low level of impurities in
the mPPE-SO3;/SWNT composite. Dispersions of the mPPE-
SO3/SWNT composite were stable for a period of 6 months (no
precipitation) at room temperature. These results indicate that
the mPPE-SO; was incorporated into a stable mPPE-SOs/
SWNT composite by strong n—n interactions with the SWTN
sidewalls.

Optical Properties of mPPE-SO; and mPPE-SO3;/SWNT
Composite

The UV-vis and fluorescence spectra of the water-soluble
mPPE-SO; in methanol and water at room temperature are
shown in Figure 1. The mPPE-SO; spectrum has an absorption
peak in the UV region at ~320 nm and the shoulder band at
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370 nm in methanol indicates that this absorption peak arises
from extended m-electronic conjugation along the mPPE back-
However, in the absorption spectrum in water, this
absorption peaks in methanol are red shifted to 325 and
390 nm, respectively. The lower intensity and red shift of the
absorption peak are believed to be caused by m—n interactions
involved in formation of the helical conformation.”*> Schanze
et al. reported that meta-linked PPE with sulfonic side chains
undergoes a conformational transition from a random-coil to a
helical structure when the solvent composition is changed.*’
The solvent-induced random-coil to helix transition of mPPE-
SO; was confirmed by fluorescence measurements under differ-
ent conditions in methanol and water [Figure 1(b)]. The fluo-
rescence spectrum of mPPE-SO; in methanol shows a single
peak at 405 nm due to mPPE backbone. This fluorescence emis-
sion peak in the visible region is characteristic of a localized
excited state, which is attributed to random-coil conformation.’
However, the fluorescence peak of mPPE-SO; in water is
quenched and red shifted from 405 to 480 nm compared with
that of mPPE-SO; in methanol. This fluorescence quenching
and red shifting in water indicates an excimer-like emission,
which probably arises from n—n stacking interactions of
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Figure 1. (a) UV-vis and (b) fluorescence spectra of water-soluble mPPE-
SO; (dashed line: in methanol; solid line: in water) and mPPE-SOs/
SWNT composite (dotted line: in water).
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phenylene ethynylene rings in the helical conformation.”*> The
solvent-induced changes in the fluorescence emission properties
of mPPE-SOj; are similar to those observed for the conforma-
tional change of mOPE from a random-coil to a helix, as
reported by Schanze et al*® These results suggest that the syn-
thesized water-soluble mPPE-SO; undergoes a solvent-induced
transition from the random-coil to the helical conformation.

Figure 1 also shows the UV-vis and fluorescence spectra of the
mPPE-SO3/SWNT composite in water. The mPPE-SO;/SWNT
dispersion shows a broad absorption band at 220-1100 nm,
together with a broad absorption band at ~320 nm from
mPPE-SO; adsorbed on the SWNTs.*® The scattering of the
absorption band in the mPPE-SO3/SWNT composite spectrum
is attributable to the presence of SWNTs in the dispersion.***
In contrast, the fluorescence spectrum of the mPPE-SO;/SWNT
composite is significantly quenched compared with that of only
mPPE-SO;. This fluorescence quenching of the mPPE-SOs/
SWNT composite is believed to be caused by intermolecular
energy transfer from the PPE backbone as an energy donor to
the SWNTs as an energy acceptor.”® These results indicate that
the mPPE-SO3/SWNT composite involves strong m—m interac-
tions between the water-soluble mPPE-SO5; and the SWNTs in
water.

MV>** Sensing by Water-soluble mPPE-SO5

The ability of water-soluble mPPE-SO; to sense MV>" in aque-
ous solutions at room temperature was investigated. Figure 2(a)
shows the fluorescence spectral changes of water-soluble mPPE-
SOj; in water on titration with MV>". The fluorescence intensity
at 405 nm gradually decreased with addition of MV>", and the
fluorescence of random-coil mPPE-SO; was significantly
quenched by ~80% when the concentration of added MV*" in
the mPPE-SO; aqueous solution reached 10 uM. The fluores-
cence intensity at 480 nm which is attributed to the helical con-
formation, was significantly quenched by the addition of MV>*
(3.0 pM). These results indicate that the fluorescence quenching
after addition of MV*" is caused by electron or energy transfer
from the conjugated mPPE backbone to MV, and that the
water-soluble mPPE-SOs is strongly bound to MV>" via electro-
static attraction. And then, the MV>" was changed to MV ™" by
the obtained energy at the energy transfer from mPPE-SO;. The
fluorescence quenching at 480 nm suggests that a conforma-
tional change from the helical to the random-coil structure is
induced by the addition of MV?>*. The relative fluorescence
intensities at 405 and 480 nm were evaluated as a function of
MV?* concentration. Specifically, the fluorescence quenching of
mPPE-SO; was determined using the Stern—Volmer equation
[(Fo/F= Ksy[MV**] + 1), where F, and F are the steady-state
fluorescence intensities in the absence and presence of MV>™,
respectively, Ksy is the Stern—Volmer quenching constant
(MY, and [MV?"] is the MV?" concentration. The Stern—
Volmer plots for mPPE-SO5 are shown in Figure 2(b). The fig-
ure shows that highly efficient fluorescence quenching occurred
even at low MV?" concentrations. The initial slope of the
Stern—Volmer plot provided the Stern—Volmer constants
Ky =2.6 X 10° M~ " at 405 nm and Kgy =2.0 X 10° M~ ! at
480 nm ([MV**] =10 uM). This high Kgy value at 480 nm is
the result of high delocalization of singlet excitons and the
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Figure 2. (a) Changes in fluorescence spectrum of water-soluble mPPE-
SO; in water on addition of different concentrations of MV>" (0, 1.0, 3.0,
5.0, 7.0 9.0, and 10.0 pM) and (b) Stern—Volmer plots for fluorescence
quenching of mPPE-SO5 in presence of different concentrations of MV>"
(0, 1.0, 3.0, 5.0, 7.0 9.0, and 10.0 pM) at 405 (M) and 480 (®) nm.

rapidity of energy migration along the conjugated backbone of
mPPE-SOs5; this Ky value is similar to those for the addition of
MV?* to water-soluble PPEs. The detection limit of MV>" was
determined to be 1.0 uM from the Stern—Volmer plots.

MV?>*_sensing Capability of mPPE-SOs/SWNT Composite

The fluorescence emission properties of the mPPE-SO;/SWNT
composite solution were also sensitive to the presence of MV2".
Figure 3(a) shows the changes in the fluorescence spectrum of
the mPPE-SO3/SWNT composite in water on titration with
MV?>*. Specifically, the fluorescence intensity of the mPPE-SO;/
SWNT composite at 405 nm increased about 90-hold by the
addition of MV>" until 1.0 uM. The fluorescence intensity then
gradually decreased when the MV?" concentration was
increased from 1.0 to 10 uM [Figure 3(b)]. The Kgy value in
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Figure 3. (a) Changes in fluorescence spectrum of water-soluble mPPE-
SOs/SWNT in water on titration with MV>" (0, 0.5, 1.0, and 10.0 nM)
and (b) changes in fluorescence intensity of mPPE-SO;/SWNTs in pres-
ence of different concentrations of MV>" (0, 0.1, 0.3, 0.5, 0.9, 1.0, 2.0,

3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0 pM) at 405 nm (H).

the fluorescence decreased range of MV>" concentrations
between 1.0 and 10 uM was 7.2 X 10* M~! at 405 nm
(IMV*T] =10 uM). The detection limit of MV** was deter-
mined to be 500 nM from titration curves. The detection limit
and Kgy value suggests that the mPPE-SO3;/SWNT composite
compared to the only mPPE-SO; was high sensitive chemical
sensor with detection limit of nM, and the MV>" in the mPPE-
SO3/SWNT composite solution was slowly diffused for differ-
ence of Ksy value about 10° order by presence of the SWNT.
The mechanism of the fluorescence change is considered to be
as follows. The fluorescence emission of the mPPE-SO;/SWNT
composite increases for changes of energy transfer through elec-
trostatic interactions from the energy transfer between mPPE-
SO; and SWNT to the energy transfer between mPPE-SO; and
MV?", when the concentration of added MV** is <1.0 uM.
The fluorescence intensity is then gradually quenched because
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of greater energy transfer from mPPE-SO5 to MV>" on addition
of MV>" at concentrations >1.0 uM. Additionally, the MV>**
was reduced to MV™ by using the obtained energy due to the
energy transfer from mPPE-SO; to the MV>". These results
indicate that the mPPE-SO5/SWNT composite in aqueous solu-
tion acts as a highly sensitive turn-on chemical sensor for
MV?* detection. Typically, chemical sensors fabricated using
polymer/CNT composites form precipitates as a result of reag-
gregation of desorbed CNTs on recognition of target mole-
3 However, the SWNTs in the mPPE-SO5/SWNT
composite were not precipitated on recognition of the target
MVt [Figure 4(a)]. Dispersions of the mPPE-SO3;/SWNT com-
posite formed on addition of MV*" were stable for longer than
1 month at room temperature. The UV-vis absorption spec-
trum of an mPPE-SO3/SWNT composite aqueous solution con-
taining 10 uM MV?" was collected to confirm the dispersion
state of the mPPE-SO3/SWNT composite [Figure 4(b)]. Figure
4(b) shows the UV-vis absorption spectrum of the water-
soluble mPPE-SO5/SWNT composite solution containing 10 uM
MV?**. The spectrum of the mPPE-SO3/SWNT composite with

a)
MV2+
—>

b)

cules.

1.0 -‘

Absorbance
o
(W]
1

O 1 1 J
200 400 600 80010001200

Wavelength / nm

Figure 4. (a) Photographs of mPPE-SO;/SWNT composite (left) and
mPPE-SO3/SWNT composite addition of 10 uM MV>* (right) in water.
(b) UV-vis spectrum of water-soluble mPPE-SO;/SWNT composite in
water after addition of 10 uM MV**.
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MV?** showed scattering of the broad absorption band from
220 to 1100 nm; absorption peaks at 320 and 370 nm from
mPPE-SO; were not observed. FT-IR spectrum was character-
ized using the mPPE-SOs/SWNT composite with MV>* (Sup-
porting Information Figure S3). The FT-IR spectrum of mPPE-
SO3/SWNT composite with MV>" shows due to pyridine rings
and sulfonic acid groups of mPPE-SO; at 1642 and 1338 cm |
respectively.*””* The FT-IR spectrum of mPPE-SOs/SWNT com-
posite with MV*" differs from the FI-IR spectrum of mPPE-
SO3/SWNT composite. The intensity of typical -SO; bands at
1384 cm™' was decreased, and this peak was shifted to the
lower wavenumbers at 1338 cm™'. The changes of FI-IR peak
suggest that there are effect on the interactions between sulfonic
acid groups of mPPE-SO; and MV>". The photograph and
UV-vis absorption spectrum in Figure 4 indicate that the
SWNTs were in a stably dispersed state in aqueous solution.
This ability to maintain stable dispersion during MV*" sensing
is speculated to be a consequence of the strong m— interactions
between the hydrophobic PPE backbone and the hydrophobic
SWNTs in water. We recorded the UV-vis and fluorescence
spectra of the mPPE-SO3;/SWNT composite after addition of
Cu?" to verify that the stable dispersion was not a consequence
of m—7 interactions between the SWNTs and MV*" (Supporting
Information Figure S4). The UV-vis and the fluorescence spec-
tra of the mPPE-SO3/SWNT composite in the presence of added
Cu’" also showed a broad absorption band and a fluorescence
peak at 405 nm; precipitates resulting from reaggregation of the
SWNTs were not observed. These results suggest that the
mPPE-SO3;/SWNT composite in water is highly sensitive chemi-
cal sensors for MV>" detection, and that this mPPE-SO;/SWNT
composite sensor system has potential applications in future
turn-on chemical sensors.

CONCLUSIONS

We fabricated highly sensitive chemical sensors consisting of
mPPE-SO; and an mPPE-SOs/SWNT composite for MV>"
detection. Water-soluble mPPE-SO5 was synthesized by a Sono-
gashira cross-coupling reaction. The mPPE-SO5; and mPPE-SO5/
SWNT composite sensor systems both detected MV>* at micro-
and nanomolar concentrations. The mPPE-SO5; functions as a
fluorescence turn-off chemical sensor, in which fluorescence
quenching caused by energy transfer from the PPE backbone to
MV?* serves as the indicator for MV>" detection. The mPPE-
SO;3/SWNT composite was formed via n—7 interactions between
the mPPE and the SWNTs in aqueous solution. The mPPE-SOs/
SWNT composite is a turn-on sensor material, with high MV>"
sensitivity. The construction of these modified conjugated poly-
mers and the mPPE-SO;/SWNT composite is important for the
development of novel composite chemical sensors with high
sensitivities. Such highly sensitive chemical sensors may be
applicable to monitoring of MV>" in the environment. Addi-
tionally, the mPPE-SO3/SWNT composite without SWNTs pre-
cipitation by the addition of MV>" was expected to solar cells
for effective photoindeuced energy transfer properties between
mPPE-SO3/SWNT composite and MV>".
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